We show that various disconnected components of the moduli space of superstring vacua with 16 supercharges admit a rationale in terms of type I toroidal compactifications with constant non-vanishing but quantized vacuum expectation values of the NS×NS antisymmetric tensor. These include heterotic vacua with reduced rank, known as CHL strings, and their dual type II models below D = 6. Type I vacua without open strings allow for an interpretation of the non-perturbative heterotic vacua related to type II models without D-branes and their U-duals. We also comment on the relation between some of these vacua and compactifications of the putative M-theory on unorientable manifolds as well as F-theory vacua.
Introduction
The recent astonishing insights in the non-perturbative formulation of superstrings tend to favor a picture according to which many if not all consistent vacua emerge as different points on the moduli space of an underlying theory, commonly termed M-theory. Although it is clear that vacua with 32 supercharges in each dimension D = 10 are all continuously connected thanks to the uniqueness of maximally extended supergravity, the same property does not seem to be shared by vacuum configurations with 16 supercharges. In this note we show that the toroidal compactifications of the type I superstrings [1] give a remarkably simple geometrical rationale for this phenomenon. We indeed showed that the moduli space of type I vacua with 16 supercharges, the maximum allowed for this kind of theories in perturbation theory, consists of several disconnected components that can be discriminated according to the rank of the gauge group or equivalently the rank of the constant non-vanishing expectation value of the NS×NS antisymmetric tensor [1] . More explicitly the Chan-Paton (CP) multiplicity, i.e. the number of D9-branes needed to soak up the R×R charge of the O-planes introduced by the worldsheet parity Ω-projection [2, 3, 4] , turns out to be
where b is the rank of the constant non-vanishing expectation value of the internal components B ij of the NS×NS antisymmetric tensor and is always an even integer. In the closed-string spectrum of the un-orientifold, the d vectors from the mixed component G µi of the metric in the NS×NS sector and d vectors from the mixed components B µi of the antisymmetric tensor in the R×R sector combine to give d graviphotons and d vectors in as many vector multiplets. In the presence of Wilson lines in the Cartan subalgebra of SO (32) , the total number of vector multiplets is N V = d + N CP /2 and the gauge group for a type I toroidal compactification with non-vanishing NS×NS antisymmetric tensor background turns out to be generically U(1) d+N V [1] . Further rank reduction may be induced by Wilson lines that lie in O(32) but not in SO (32) [1] or by a modified Ω-projection either in the close-string sector [5, 6] or in the open-string sector [7, 1] . The latter was associated to open-string discrete Wilson lines in [7] but it is more appropriate to associate it to open-string discrete torsion, since it results from an ambiguity in defining the Möbius-strip projections of the twisted sector [2] of some un-orientifolds, fully analogous to the ambiguity that lead to discrete torsion in some target-space orbifolds [8] .
Notice that, contrary to naive expectation, a non-vanishing expectation value of the NS×NS antisymmetric tensor may be perfectly compatible with the Ω-projection. Indeed, although the fluctuations of the NS×NS antisymmetric tensor are projected out of the perturbative unoriented closed-string spectrum, a properly quantized vacuum expectation value, i.e. one for which 2B belongs to the integer cohomology of the compactification manifold, is consistent with the projection B → −B up to a generalized Peccei-Quinn (PQ) shift [1, 9] .
Moreover the rational open-string models [7, 10, 45, 6] , systematically constructed starting from [2, 3] , strongly motivated the discovery of the BPS 1 models [1] since they often required a non-vanishing but quantized NS×NS antisymmetric tensor. In retrospect, one may thus attribute the very existence of disconnected components in the moduli space of superstring vacua with 16 supercharges to the very consistency of the systematic construction [3] of type I superstrings from left-right symmetric type II theories [2] .
For instance, in D = 8 we find two disconnected components of BPS models with N V = 18 and N V = 10; in D = 6 we find three disconnected components with N V = 20, N V = 12, and N V = 8; in D = 4 we find four disconnected components with N V = 22, N V = 14, N V = 10, and N V = 8. These match with many components of the moduli spaces of perturbative heterotic compactifications with 16 supercharges, giving further support to the conjectured duality between heterotic and type I superstrings in D = 10 [11, 12, 13] . Indeed, although supersymmetry alone does not fix uniquely the massless spectrum in these compactifications, it is still powerful enough to fix completely the lowenergy effective lagrangian once the spectrum is fixed. In particular the moduli space parametrized by the scalars in the N V vector multiplets and the dilaton is [14] 
up to global identifications. In D = 4 the factor R + gets extended to SL(2, R)/U(1) after the complexification of the scalar in the N = 4 supergravity multiplet.
give rise to another class of superstring vacua with 16 supercharges. These models are known as (2,2) models since the N = 4 supersymmetry in D = 4 is equally distributed among left and right movers [16, 17, 18] . In the absence of any truncation, the gauge group is generically U (1) 2d+16 . Using the well-established type IIA -heteoric duality in D = 6 [19] and mirror symmetry, i.e. T-duality of the type II theories on T 2 , one deduces that type IIA, type IIB and heterotic strings are related by S-T-U triality. As a result the non-perturbative S-duality gets mapped to perturbative T-duality. Other models with a reduced gauge group can be obtained after orbifold projections with a trivial action on the supercharges [17, 20, 21] . In the heterotic case the resulting models originally constructed in terms of free world-sheet fermions are known as CHL strings [22] . The world-sheet current algebra is typically realized at higher level and at generic points of the moduli space [23] the compactification corresponds to asymmetric orbifolds [24, 18, 17] . For the sake of comparison with the BPS models we will derive the genus-one partition function of the simplest instance, the E(8) model at level k = 2. A similar analysis can be done for the type II dual of other CHL strings [20, 21] .
Type I superstrings without open strings [6, 5] give a rationale for another component of the moduli space of vacua with 16 supercharges. In this component the CP group is completely absent since the O-planes that correspond to unconventional Ω-projections do not carry R×R charge. The number of vector multiplets that accompany the d graviphotons is only d in this case. The latter correspond to the combination G µi − B µi orthogonal to the graviphotons. To the best of my knowledge there is no way to reduce the rank of the type I gauge group any further and to reproduce e.g. the models with N V = 4 in D = 4 [25, 21, 17 ].
We will argue that type I models without open strings are dual to type II (4,0) models. The latter correspond to asymmetric orbifolds that break all the supersymmetries in the left-moving sectors and have been considered both from the viewpoint of the fermionic construction [26, 27, 28] and from the viewpoint of shift-orbifolds [18] . At generic points of the moduli space the gauge group is U (1) d+d but at the free fermionic points it gets perturbatively enhanced to SU (2) d ×U(1) d or to another group whose structure constants satisfy the constraints for the existence of a cubic world-sheet supercurrent [28, 29, 26] . Notice that these enhanced symmetry points typically correspond to radii which are half the standard self-dual value R = √ α ′ . This modified Halpern-Frenkel-Kac (HFK) mechanism is consistent with the two following observations. First, the current algebra on the world-sheet that leads to the enhanced symmetry is realized at higher level, e.g. k = 2 in the simplest instance of SU (2) d . Second, the T-duality group of asymmetric orbifolds is different from the T-duality group of standard toroidal or symmetric orbifold compactifications and the points of enhanced symmetry are the self-dual points of the modified T-duality group. Notice that D-branes in type II (4,0) models do not carry R×R charge. In the process of breaking all the supersymmetries in the right-handed sector all the R×R states, together with their NS×R superpartners, become massive. A nice feature is however that the twisted sectors of these orbifolds do not give rise to massless particles in the decompactification limit and these vacua regain the rigidity properties of their parent type II (4,4) superstrings [18] . Using U-duality in D = 6 some type II (4,0) models have been argued to be dual to type II (2,2) models [17, 18] .
In view of the mounting wave of interest in the putative M-theory [30] , let us briefly comment on the relation of the above vacua with M-theory compactifications. According to common wisdom, M-theory is the strong coupling limit of the type IIA superstring in D = 10 [11] or alternatively of the E(8) × E(8) heterotic string in D = 10 [31] . Both equivalences follow from the identification of the vacuum expectation value of the dilaton with the length of an extra dimension. Although the former allows for a precise identification of the massless spectrum and low-energy effective lagrangian from a dimensional reductioná la Kaluza-Klein (KK), in the latter the spectrum can be derived only assuming some residual supersymmetry, anomaly cancellation and a consistent string interpretation. Relaxing the last condition a theory such as N = (1, 0) supergravity with gauge group U (1) 248 × U(1) 248 [32] could not be excluded. Despite this observation, it is remarkable how simply assuming the existence of a consistent 11D theory has provided so many non-perturbative connections in the web of superstring vacua [11] .
In fact it has been shown that the type I vacua without open strings are equivalent to M-theory compactifications on non-orientable manifolds without boundaries [5] . In particular, the type I superstring without open strings in D = 9 is equivalent to M-theory on a Klein bottle. By the same token, M-theory compactification on the Möbius strip is expected to describe the strong-coupling limit of the CHL strings in D = 8 [5, 33] that are related to the BPS models with b = 2. Another class of compactifications of M-theory that are supposed to preserve 16 supercharges and have received some attention in view of heterotic -type IIA in D = 6 [11, 19] consists of compactifications on K3 × S 1 and orbifolds thereof [20, 21, 17, 34] . Prior to any truncation one simply gets type IIA on K3 with 20 N = (1, 1) vector multiplets. Modding out by a symmetry that preserves the holomorphic 2-form on K3 and acts as a shift on the extra circle gives rise to other N = (1, 1) supersymmetric vacua with a gauge group of reduced rank. The complete classification [20, 21] Another interesting class of superstring compactifications goes under the name of Ftheory [35] . Almost by definition, F-theory on a manifold F that admits an elliptic fibration i.e. looks locally like F = B × T 2 , is the compactification of the type IIB superstring on the manifold B with 24 7-branes. The complexified dilaton λ = χ + ie −φ is identified with the complex modulus of the elliptic fiber T 2 and its variation over the basis B is governed by the arrangement of 7-branes. It is a remarkable fact that under two T-dualities the 16 dynamical D9-branes that are present in the type I compactification on T 2 are mapped to as many D7-branes and the O7-planes may be regarded as bound states of two 7-branes each [36] . There are also arrangements of the 24 7-branes that correspond to constant λ and are thus T-dual to perturbative type I vacua [36, 37] . F-theory vacua may thus be used as a non-perturbative definition of the dynamics of D-branes and O-planes in type I vacua [36, 37, 38] . Moreover the conjectured duality between the heterotic and type I superstrings allows one to establish dualitites between F-theory and heterotic compactifications. In particular, F-theory on an elliptic K3 in the orbifold limit K3 ≈ T 4 /Z 2 may be related to the heterotic string on T 2 [36] . Indeed the moduli spaces of elliptic K3 surfaces is O(2, 18)/O(2) × O(18) and, up to global identifications, coincides with the trivial component of the moduli space of heterotic string compactifications on T 2 [14] . The matching of the other component is under examination [39] .
By fiberwise application of the above duality [16] , one can identify F-theory compactifications on elliptic Calabi-Yau threefolds and fourfolds with heterotic and type I compactifications on Calabi-Yau twofolds and threefolds in the presence of penta-branes [35, 40, 6, 38] . For lack of time, we will not pursue this viewpoint any further here. It is a subject of active research in view of the possibility of extracting non-perturbative information about vacua with N = 2 and N = 1 supersymmetry in D = 4. There are however threefolds and fourfolds of reduced holonomy [25, 33, 40] . In such cases one gets enhanced supersymmetry both in D = 6 and in D = 4. According to the classification in [25] the expected values of N V in D = 4 are N V = 22, 14, 10, 6, 4. Except for the last case these choices precisely match with the various possible BPS models [1] and the type I theories without open strings [5, 6] .
One last remark on the role of a quantized NS×NS antisymmetric tensor background in type I compactifications concerns the case N = (1, 0) in D = 6. The first model of this kind [3] had a CP group Sp (8) 4 that, though smaller than expected from heterotic vacua with perturbative embedding of the spin connection in the gauge group, is not a subgroup of SO (32) . It is by now clear that the oblique CP symmetry enhancement is due to the presence of D5-branes [4] . What still may seem puzzling is the effective reduction by a factor of two in the number of both D5-branes and D9-branes! Once again one has to recall that the model in question descends from the type II compactification on a Z 2 -orbifold of T 4 at the SO(8) enhanced symmetry point [3] . Since the rank of the NS×NS antisymmetric tensor that correspond to the SO(8) current algebra at level k = 1 is b = 2, one could expect a reduction by a factor of two of the overall CP multiplicities, while the symplectic nature of the CP group does the rest. A similar analysis can be performed for the models in [3, 7, 6 ] that corresponds to rational points in the moduli space of orbifold compactifications [4, 5] . In particular for models with one tensor multiplet, that admit perturbative heterotic duals, it has been shown [9] that a quantized NS×NS antisymmetric tensor corresponds to a compactification with a generalized second Stiefel-Whitney class
, where S is the K3 surface under consideration, and B is defined modulo shifts in H 2 (S, Z), one has three inequivalent choices [9] . Upon performing T-duality on the two-cycle with non-vanishing B-flux one ends up with an F-theory compactification with vanishing B and a mirror K3 surfaceS [9] .
Clearly in the long run one would like to address the issues raised by the presence of a quantized NS×NS antisymmetric tensor background in type I compactifications with N = 1 supersymmetry in D = 4. A preliminary analysis has been performed for the type I descendandants of the type IIB superstring on the Z-orbifold [42, 43] . The 6D cases should be taken as a guide to explore further connections and disconnections in D = 4 between BPS models and other consistent superstring vacua. Relation to M-theory compactifications and F-theory vacua [36, 40, 44] may help understanding geometric features, e.g. the moduli space of vacua, that sometimes look obscure from a 10D perspective.
Quantized B from Rational Un-orientifolds
The starting point of the construction of an open-string model based on a rational conformal field theory (RCFT) is a left-right symmetric torus partition function [2, 3] . The characters of the underlying chiral algebra C, that extends the (super-)Virasoro algebra,
encode the (chiral) closed-string spectrum of the RCFT and enter the torus amplitude in a left-right symmetric modular invariant way
where N hh are integer and satisfy N oo = 1, with o labelling the identity, and N hh = Nh h . The Ω-projection introduces O-planes that are accounted for by the Klein-bottle amplitude
that completes the untwisted sector [2] of the un-orientifold. The signs σ h are restricted by the crosscap constraint [45] that e.g.
The most general parametrization of the twisted sector [2] of the un-orientifold involves the annulus partition function:
and the Möbius strip projection
where χ h form a proper basis of hatted characters [3] 
Although in general the indices a of the CP factors and the indices h of the characters span different sets, for the charge-conjugation modular invariant one is allowed to take them in the same range and let A k ij = N k ij [3] or an automorphism thereof [7] . Sewing of surfaces with holes and crosscaps imply some consistency conditions on the above parametrization. Most notably, A [45] . After transforming to the transverse closed-string channel via a modular S-transformation, K gives the crosscap-to-crosscap amplitude
and A gives the boundary-to-boundary amplitude
Given these two amplitudes, a consistency check arises from the bondary-to-crosscap amplitude that must be of the form
where the crosscap reflection coefficients Γ h hide some sign ambiguities. The modular transformation between loop and tree channel of the Möbius strip is induced by P = T 1/2 ST 2 ST 1/2 that acts on hatted characters and satisfies P 2 = C [3] . In order for an open-string model to become a consistent vacuum configuration one has to further impose a proper connection between spin and statistics [46] and cancellation of the tadpoles of the unphysical massless states [47, 3] . In the D-brane language this amounts to R×R charge neutrality of the configuration of D-branes and O-planes [4] .
The simplest rational closed-string model one can un-orientifold is the type IIB theory in D = 10. The result is the type I superstring with gauge group SO(32) [2] . In D = 10 there are two more left-right symmetric theories: the tachyonic models proposed by Seiberg and Witten long time ago [48] . Their open-string descendants [3] play a crucial role in some proposed string dualities without supersymmetry [49] and hopefully [50] may provide a rationale for the largely unexplored N = (1, 0) 10D supergravity with gauge group U(1)
496 [32] .
In order to display the subtlety that allows for the existence of the BPS models one has to consider generalized Ω-projections of type II compactifications [3, 7] . In particular the free fermionic construction [26] or the covariant lattices [29] allow for simple and elegant rational compactifications. The intrinsic consistency of type I descendants of left-right symmetric type II models forces one to allow for the introduction of a non vanishing but quantized NS×NS antisymmetric tensor background. For instance at rational points where the spectrum can be assembled into the characters of an extended current algebra the geometric interpretation of the closed-string spectrum requires the constant background metric G ij to be identified with the Cartan matrix C ij of the underlying Lie algebra and, more importantly for our goals, the NS×NS antisymmetric tensor to satisfy B ij = C ij for i > j and B ij = −C ij for i < j [29] . The left-right symmetry of the theory that becomes appearent when the torus partition function is written as in (4) suggests the possibility of introducing a quantized NS×NS antisymmetric tensor background at generic points of toroidal or orbifold compactifications [1, 6] .
Toroidal Compactifications Revisited
In order for a type II superstring to admit a sensible Ω-projection it should display an involution that interchanges the left and right movers compatible with target-space Lorentz symmetry and with the diagonal part of the internal symmetries 3 . In toroidal compactifications of the type I superstring [1] one has to start from a parent type IIB theory that is symmetric under left-right interchange. Un-orientifolds of type IIA models simply follow from T-duality [4, 51] . Since the oscillators are automatically invariant under Ω, the only potential troubles come from the lattice of momenta. Left-right symmetry implies that for any state (P L , P R ) there exists a state (P R , P L ), i.e. a state with P ′ L = P R and P ′ R = P L . Given a generic value of the metric G ij , this turns out to be a constraint on the NS×NS antisymmetric tensor B ij . Indeed using the standard parametrization
with integer n i and m j and G ij the inverse of G ij , and imposing P L (n, m) = P R (n ′ , m ′ ) for generic G ij , one immediately finds
the second condition implies that 2B belongs to the integer cohomology of the torus and determines n k in terms of m i and m ′ i . Given these constraints and since only states with P L = P R , i.e. only Kaluza-Klein (KK) momentum states with n i = 0, are to be symmetrized by the Ω-projection, one can check that the Klein-bottle contribution K does not depend on B jk . This should not sound unexpected given the inconsistency inherent to the pull-back of B to an unorientable surface.
The perturbative unoriented closed-string spectrum displays a trivial invariance under constant continuous PQ shifts of the internal R×R antisymmetric tensor
and under constant discrete GL(d, Z) transformations of the metric and the quantized NS×NS antisymmetric tensor
3 One may also envisage the possibility of un-orientifolds that break some of the internal accidental symmetries. For lack of time, we will not pursue this viewpoint here.
The latter allow to skew-diagonalize B ij , i.e. bring it to a form B ij with only non-vanishing components equal to 0 or ±1/2 along the diagonal two-by-two blocks. For later use, notice that rank(B) is invariant under GL(d, Z) transformation.
The open-string spectrum presents some amusing features [1] . First of all thanks to the possibility of adding Wilson lines A a i in the Cartan subalgebra of SO(32) the KK momenta are shifted by q a A a i as expected. Rather unexpectedly, they can suffer a further shift due the presence of a quantized B ij . In order to deduce the shift one has to start from the tranverse closed-string channel where Wilson lines become phases in the boundary reflection coefficients. The presence of boundaries and/or crosscaps requires the constraint P L = −P R on the closed-string states flowing along the tube. To this end one has to introduce exactly b = rank( B) Z 2 -projections
After imposing the cancellation of the unphysical tadpole in the R×R sector, the CP multiplicities get reduced by a factor 2 b/2 as stated in the introduction and found some time ago [1] . Combining the discrete choices of B with the continuous Wilson lines one can indeed connect in D = 8 BPS models with G CP = SO(16) to models with G CP = Sp (16) passing through points where the CP symmetry is broken to U(1) 8 or is partially enhanced to U(8) [1] .
The existence of non-perturbative D-brane states [4] breaks the continuous PQ shifts of the R×R two-tensor to discrete ones. In type II compactifications with maximal supersymmetry the (pseudo)scalars from the R×R sector transform according to a spinorial representation of the O(d, d; Z) T-duality subgroup of the full E (d+1) (d + 1; Z) U-duality group [52] . Under the GL(d, Z) subgroup of perturbative type I dualities the spinorial representation decomposes in a sum of rank p antisymmetric tensors. In particular the B ij transforms as a two-index antisymmetric tensor as it should. Similarly A It is instead the subgroup of the full U-duality group E (d+1) (d + 1; Z) that involves mixings of G ij , B ij and a certain combination of the dilaton Φ and det(G ij ). The scalar Φ H parametrizing the R + factor of the type I moduli space follows from an educated use heterotic -type I duality in D = 10 − d dimensions, i.e. it coincides with the combination of Φ and det(G ij ) that gives the heterotic dilaton [42] :
One can interpret the observed rank reduction of the CP group in the BPS models as associated to non-trivial holonomy along two-cycles for open-string propagation in a background of the NS×NS antisymmetric tensor much in the same way as happens in unconventional type I compactifications to D = 6 on K3 [9] . Indeed one can define the generalized second Stiefel-Whitney class of the vacuum gauge bundle V, via the relation
where W (γ 1 ) and W (γ 1 ) are Wilson loops and for tori the two-cycle Σ is the product of the one-cycles γ 1 and γ 2 . Notice that for Spin(32)/Z 2 , the expected non-perturbative gauge group of the type I superstrings, ω 2 (V) represents the obstruction to defining a vector structure [41] . The relation B = 
must exactly match the phase in (18) [9] . In a recent paper [39] the geometry of the CHL strings has been interpreted in similar terms. Another independent analysis can be found in [43] . An alternative interpretation of the above phenomenon has been given in terms of D-brane for the case D = 8 [5, 33] . For completness and for the sake of comparison let us briefly rerun the argument backwards. Performing a T-duality transformation along one of the directions of a two torus not only turns the type IB theory 5 into the type IA theory but also trades the NS×NS antisymmetric tensor background in favor of an off-diagonal component of the metric. The presence of an off-diagonal component of the metric is to be associated to an effective reduction by a factor of two in the volume of the elementary cell defining the initial torus. The same reduction by a factor two results in the number of fixed lines of the new Ω-projection and the neutral configuration then requires only half the original number of D8-branes and give rise to a CP group SO(16) [33, 43] . By the same line of arguments as after eq.(16) one can continuously pass to Sp(16) [43] .
For a direct comparison with the heterotic string, let us consider the simplest case that corresponds to breaking of E(8) × E(8) at level k = 1 to the diagonal E(8) subgroup at level k = 2 in D = 8. Although the analysis of the massless spectrum has been performed in [21] , we derive the genus-one partition function in order to streamline the striking similarity with the un-orientifold construction [2] . Denoting by τ the modulus of the worldsheet torus and neglecting the invariant measure |dτ | 2 /τ 2 2 , the partition function 5 We adopt the terminology recently suggested by Clifford Johnson.
for the toroidal compactification to D = 8 reads:
where Λ is the root lattice of E(8) × E(8), Γ is the compactification lattice described above and as usual q = exp(2πiτ ). For compactness of notation, we have also introduced the four characters {V 8 , O 8 , S 8 , C 8 } of the SO(8) current algebra at level one, that can be easily expressed in terms of θ-functions and encode the contribution of the world-sheet fermions [3] .
An orbifold projection that preserve all the 16 supercharges corresponds to an ordertwo shift σ V of the coordinates of T 2 along a vector V = (v,v), accompanied by the exchange Ω of the two E(8) factors. Only states with the same E(8) weight need be symmetrized underΩ so that
Performing an modular S-transformation, i.e. τ → −1/τ , and a Poisson resummation on (p,p) yields the twisted sector:
Finally performing a modular T-transformation, i.e. τ → τ + 1, yields the projection of the twisted sector:
Notice the striking similarity of the Ω-projection with the Ω-projection from type II to type I superstrings [2, 3] briefly outlined in Section 2. Modular invariance requires V · P to be half-integer and V · V to be integer. Generically, the twisted sector does not give rise to massless states and the untwisted sectors gives rise to the supergravity multiplet (including two graviphotons), the vector multiplets for the diagonal E(8) and two generically abelian vector multiplets. Adding Wilson lines symmetrically in the two E(8)'s, i.e. A 1 = A 2 = ((1/2) 4 , (0) 4 ), allows one to break the diagonal E(8) to SO(16) [21] , that reproduces one choice of CP group of the BPS type IB model or its type IA dual.
Type II models with 16 supercharges
There are two classes of type II string vacua with 16 supercharges. The first class corresponds to type II (2,2) strings, that have half of the supersymmetries carried by the left-movers and half by the right movers, and is available, as stated in the introduction, below D = 6. In fact models in this class correspond to compactifications on K3 × T 2 or shift-orbifolds thereof [18, 17] . The full perturbative spectrum is encoded in the genusone partition function that may be easily derived at least in the abelian orbifold limits of K3, following the standard procedure for symmetric orbifolds, or at rational points where the compactification corresponds to a tensor product of N = 2 superconformal minimal models, following the procedure devised by Gepner [53] .
The second class, that corresponds to the type II (4,0) strings, include asymmetric orbifolds of tori. In the notation introduced above, the one-loop partition function for the toroidal compactification of the type IIB superstrings reads
In order to be explicit but at the same time to keep the discussion as simple as possible, let us restrict our attention to a Z 2 -orbifold that acts as (−) F L × σ V , where σ V is a shift of order two in the lattice Γ, and thus preserves all the 16 right-moving supercharges. The Z 2 -projection of the spectrum then yields
Due to the change of sign in S 8 , in the R×R sector as well as in the NSxR sector, only massive states with V · P an odd integer survive the projection so that these type II (4,0) strings are in fact type II superstrings without D-branes! For the purpose of discussing gauge symmetry enhancement we also derive the twisted sector
and its projection
As for the CHL strings a sensible projection requires V · V to be integer and V · P to be half-integer. In the twisted sector, one finds massless states from the tachyonic O 8 factor whenp = 0 and p 2 = 1. The co-spinor C 8 contributes massless states only in the antidecompactification limit R i → 0. In this limit as well as in the decompactification limit R i → ∞ maximal supersymmetry is restored together with its 32 supercharges. Since in order to map the limit R i → 0 into the limit R i → ∞ one has to perform a T-duality that flips the chirality of the spacetime spinors, i.e. C 8 ↔ S 8 , one retrieves the original type IIB (4,4) model in both limits. In fact the self-dual point is the self-dual point where the generalized HFK mechanism takes place. Similar conclusions would have been reached had we started from the type IIA (4, 4) superstring. This would mean that type II A and B (4,4) strings have disconnected moduli spaces because at least perturbatively -and the absence of D-brane for any finite volume drastically reduces the possible sources of non-perturbative effects -one cannot obtained one 10D theory in any limit point in the moduli space of the other! Moreover T-duality is part of the gauge group of these theories much in the same way as in more familiar heterotic compactifications [14] .
The last remarks make the type II (4,0) strings a rather interesting arena to test various duality conjectures. In particular the gauge group is generically abelian, in fact U (1) (d+d) in the model discussed above, and gets enhanced only at points wherep = 0 and p 2 = 1. This typically correspond to free fermionic points. The enhanced gauge symmetry is determined by the structure constants that appear in the cubic supercurrent that may be fermionized or bosonized at will [26, 28, 29] . Some type II (4,0) models admit U-dual type II (2,2) models [17, 18] . In particular two classes of models in D = 4 with N V = 4 and N V = 6 seem to fall into this category [17, 18] . For the former there does not seem to be possible to construct a type I dual, for the latter as promised in the introduction one can construct type I models that display exactly the same massless spectrum at generic points of the moduli space.
They correspond to toroidal compactifications of the type I superstring with an unconventional Klein bottle projection that does not allow for the introduction of D-branes and their open-string excitations [6, 5, 33] . Indeed considering for simplicity tori with diagonal metric one may take advantage of some arbitrariness in the Ω-projection and put
where δ i = 0, ±1 are not fixed by th crosscap constraint [45] . The resulting crosscap-tocrosscap amplitudes reads
When at least one δ i = 0, no massless closed-string states flow in the transverse channel. The O-planes do not carry R×R charge and there is no room for introducing D-branes and open-strings [5, 6] .
Although the type II (4,0) strings and type I strings without open strings have generically the same low-energy limit and share the same moduli space, identifying one with the other requires a precise map between the BPS 6 states in the two theories. In particular one should study the behavior of the type I theory at images of the points of enhanced symmetry in the type II (4,0) strings i.e. one should find a non-perturbative analogue of the non-vanishing of the generalized second Stiefel-Whitney class or equivalently of the quantized NS×NS two-tensor.
Final Comments
Superstring vacua with 16 supercharges provide us with a plethora of models where tests of various duality conjectures seem both feasable and interesting. The advantage of this class of theories is that supersymmetry alone does not fix uniquely the massless spectrum but it is still powerful enough to fix completly the low-energy lagrangian once the spectrum is fixed. In particular the moduli space parametrized by the scalars in the vector multiplets is up to global identifications
is the total number of vector multiplets. For unconventional type I compactifications we have shown that n can take the values n = 16 × 2 −b/2 and n = 0.
The state of the art suggests that the existence of several disconnected components can find a very simple rationale in terms of type I toroidal compactifications (BPS models) with a quantized background for the NS×NS antisymmetric tensor [1] . Another component includes type I theories with the minimum number of vector multiplets, i.e. d = 10 − D, admit two different realizations. The first in terms of type II superstrings without D-branes, i.e. type II (4,0) models, the second in terms of type I superstrings without open strings. We have not succeeded in finding a way to reduce the number of vectors in the unoriented closed-string spectrum to reproduce the disconnected components with N V < 6 in D = 4 and N V < 4 in D = 6, but we hope to investigate this issue in the future.
For type I superstrings other disconnected components of the moduli space of vacua can be found by adding open-string discrete torsion and/or Wilson lines that do not lie in SO(32) [7, 1] . In view of the conjectured heterotic -type I duality this seems to lead to inconsistencies at the non-perturbative level because some non perturbative Dbrane states are expected to carry spinorial charges of SO(32) and thus would not admit a sensible action of O(32) Wilson lines. However, it may well be possible that in this component of the moduli space the type I string does not admit a heterotic dual as seems to be the case for the type I superstrings without D-branes. Once again, establishing connections and checking various dualities for these unconventional models seems to be more than compelling.
The recent insights in the duality realm of super Yang-Mills theories have thought us that gauge symmetry is not good order parameter for discriminating between different theories. It simply represent a redundancy in the description of a system. In different regimes the same exact theory can display different gauge symmetries [54] 7 . If one tries to extend the same arguments to supersymmetry -after all in a theory that includes gravity this has to be a local symmetry i.e. a redundancy in the description of the system -one has to confront oneself with the subtleties inherent to the identification of observables that have a truely invariant meaning even after spontaneous (super)symmetry breaking and allow for a distinction between vacua with different number of supersymmetries.
As a final remark, the present development in our understanding of the superstring at the non-perturbative level makes the problem of vacuum selection sharper and more compelling [55] . Superstring vacua with 16 supercharges include vacua that do not admit a natural geometrical interpretation such as unconventional un-orientifolds and asymmetric orbifolds that are clearly calling for a thorough analysis. The existence of an underlying theory of membranes and/or pentabranes bringing into play new consistent non-perturbative vacuum configurations, corresponding to the wrapping branes of complicated topology around cycles of the compactification manifold, can only make the problem more severe at first glance.
Note Added
While this work was being typed I was informed by A. Sagnotti that E. Witten was also considering issues related to the quantized NS×NS antisymmetric tensor introduced in [1] .
